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Abstract

Salt cavity leaching experiments were conducted in the laboratory in support
of the U. S. Strategic Petroleum Reserve (SPR) program. Cavities of an
initial cylindrical geometry were oreated by machining (hollowing-out) salt
cores from one end, leaving the circular wall and bottom as an integral
piece. In each of three separate experiments, a salt cavity was placed
vertically in a pressure vessel and its interior filled with saturated
brine. The vessel was sealed and pressurized to actual,SPR-cavern  pressure.
Fresh water was injected down a tube and into the cavity, while brine was
simultaneously removed from the uavity through a second (withdrawal) tube.
Both “direct” (injection below withdrawal) and “reverse” (injection above
withdrawal) leaching procedures were investigated for essentially the same
flowrate  conditions and total withdrawal time, A traversable gamma-beam
densitometer was positioned between the injection and withdrawal locations
in each case, and was used as a nonrintrusive  diagnostic technique to inves-
tigate transient phenomena which occurred during the leaching, and post-
leaching (return-to-equilibrium) periods. Beam attenuation measurements
yielded a quantitative measure of two (combined) effects: (1) the total
(time-integrated) salt-wall recession and (2) the instantaneous (path
length-averaged) brine salinity. Final cavity shapes were measured both by
gamma-beam densitometry and by sectioning/micrometer techniques. Transient
and steady-state measurements were then compared with numerical predictions,
generated with SANSMIC (the Sandia Solution-Mining Code), in order to assist
in the qualification of this code for actual SPR-cavern applications.
Experimental results and numeriqal predictions were found to be in good
agreement.
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beam diameter (cm)
unattenuated beam intensity after passage through

material(s) (particles/set)

unattenuated beam intensity at source exit (particles/set)
average volumetric flowrate  (cm3/min)
count rate (particles/aec)

cavity radius (cm>
brine specific gravity

time (min>

vertical coordinate, measured from the initial cavity bottom (cm)

coordinate measured along beam pathlength (cm>

salt-wall recession (cm>
gamma-beam linear attenuation coefficient (l/cm>

average density (g/cm31
electronics system time constant (usec)

brine

material i

injection

s a t u r a t e d  b r i n e
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INTRODUCTION
The United States Strategic Petroleum Reserve consists of an under-

ground oil storage system comprised of caverns which have been leached in

salt domes looated in the Gulf Coast states of Louisiana and Texas. Some of

the cavern space, formed during commercial brining operations, was available

for oil storage shortly after the SPR program began in the mid-1970’s.

However, since the available volume was less than that required for the

storage of 250 million barrels of oil, and a storage of up to one billion

barrels was contemplated, the Repartment of Energy (DOE) undertook an exten-

sive new cavern leaching program.

Since the end of 1978, Sandia National Laboratories has been serving as

a technical consultant to the DOE on various aspects of the SPR program, in-

eluding the cavern leaching and filling efforts. Early experimental and
theoretical work on salt dissolution rates and salt cavity formation

techniques l-7 led to the development of three numerical models to predict
solution mining processes7-9 . Of these three, the computer code of Saberian’
was utilized early in the SPR program to help define initial cavern leaching

schedules.

Because there was an urgency to form and fill the reserve as rapidly as

possible, considerable attention was given to devising a leaching scheme

which would yield not only the desired size and shape of cavern, but would

do it in the shortest practical time. This appeared to be best accomplished
by using a ‘1leach-fill11 strategy in which the cavern would be simultaneously

filled with oil as the leaching proceeded. To start the cavern, several

wells could be drilled and simultaneously leached until the cavities

coalesced to form the final storage volume. The majority of the final
volume would ultimately be filled with crude oil, overlying a small

saturated-brine pocket located at the cavern bottom, Oil withdrawal from
such caverns would then be accomplished by injecting fresh water down a pipe

to a level below the “initial” saturated-brine/oil interface, buoyantly dis-
placing the oil upwards,where it would then be removed through a production

pipe whose entrance was located near the top of the cavern.



Considering these leaching, filling, and withdrawal processes, it be-

came apparent that there was a need to numerically model “moving interface

problemsl!  ( i . e . , salt dissolution below an oil interface whose location

varies with time). Since the Saberian  code7 was not structured to treat

such problems in an efficient manner, and since it would be necessary to

perform a very large number of computer simulations of these various

procesaea, a new code was developed10,ll . This code, called SANSMIC (the
Sandia Solution-Mining Code), utilizes the same dissolution model as the

Saberian  code7 , but it includes new diffusion, plume 12,13 , and insolubles

models, It also incorporates an implicit numerical formulation which sig-

nificantly reduces computer run times. Cavern geometries are treated as

two-dimensional/axisymmetric.

Experiments were conducted 14 to answer one of the basic questions con-

cerning the proposed oil -withdrawal procedure: would crude oil
adherence/penetration protect the salt from dissolution following passage of

the upward-moving oil /brine interface? Results showed that such
‘1protection11 would not occur, and that the proposed oil-withdrawal procedure

should  not  adverse ly  a f fect  cavern shape  change  in  actual  f ie ld

applications.

In a follow-up investigation, reported here, salt cavity leaching

( i . e . , shape change in the absence of any crude oil) was investigated. This
llcavern-formationll problem is summarized by the schematic of Fig, 1.

Objectives of the present research were to experimentally investigate

transient salt/brine interactions inside a pressurized salt cavity subjected

to leaching via fresh-water injection, and to measure resultant cavity shape
change for use in model-validation efforts. The primary independent vari-

able in these studies was the relative vertical position of the injection

and withdrawal lines. Both “direct” (injection below withdrawal) and
llreverse” (injection above withdrawal)  leaching procedures were
investigated.
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EXPERMENTAL  APPROACH
The experimental approach, apparatus, and instrumentation system ap- ,

plied to the salt cavity leaching problem were identical to those utilized

(and described) in the oil-withdrawal study 14 , and consequently, will not be

discussed in any detail here. Figure 2 shows a schematic of the apparatus.
15Figure 3 summarizes the instrumentation system and its defining equations .

The measurement capabilities of the single-energy/single-beam system

used in this study are summarized as follows (refer to Fig. 3). The
measured count rate, R, ia proportional>to the number of photons which

traverse the experiment and remain in anunattenuated state. Knowing T(R)

from previous calibrations 14 allows R to be converted to intensity I. For

a known IO, the exponential attenuation law then allows the determination of

any one unknown quantity, either an attenuation coefficient (pi) or a path-

length of material (2,).

In the present ,experiment, all initial pathlengths and material at-
tenuation coefficients were measured prior to the start of leaching. It was

found, however, that the, attenuation coefficient for brine was a linear
function of the mass-fraction of solid salt dissolved in it 14.‘. . Thus, during

unknowns existed at any vertical position inside the cavity:

E(t), the total salt-wall recession which,occurred up to time t, and SC(t),

the instantaneous specific gravity of the brine (pathlength averaged across

the cavity interior). Independent measurements of SG(X,t) were not at-
tempted in the present research. Consequently, the observed R ( t ) response
provided a quantitative measurement of the combined effects of total salt-

wall recession and instantaneous brine salinity. Such measurements were
made both during the leaching process and during the post-leaching (return-

to-equilibrium) period.

Upon the re-attainment of an equilibrium state (saturated brine)

everywhere within the cavity, the gamma-beam system was traversed vertically
along the cavity centerline to measure e(X), the only unknown under such 1
conditions. Post-test secti.oning  of each cavity specimen provided a second

measurement of the final cavity shape.
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GAMMA-BEAM DENSITOMETRY, A SCHEMATIC
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Fig. 3: Gamma-Beam Densitometry, A Schematic



All such transient and steady-state measurements were then compared to

numerical predictions, generated with SANSMIC, 10,ll in order to assist in
the qualification of this code for use in actual SPR-cavern applications.
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EXPERIHENTAL RESULTS VERSUS NUMERICAL PREDICTIONS
Figure 4 shows a photograph of the traversable gamma-beam densitometer

and the salt cavity pressure vessel. Figure 5 shows a salt cavity test

specimen. As before’ 4 , salt cores were machined hollow from one end, leav-

ing the circular wall and cavity bottom as an integral unit. Nominal pre-

test dimensions were: OD - 9.17 cm, ID - 5.08 cm, cavity depth = 20.32 cm,

and overall sample height - 22.86 cm. Prior to leaching, each cavity was

filled with saturated brine, then pressurized to 13.9 MPa. Pressure was

held constant at this level for the duration of each experiment, and all ex-

periments were conducted at a temperature of 23OC.

Table 1 gives a summary of the leaching test conditions. The primary
independent variable in these experiments was the relative vertical position

of the injection and withdrawal lines. All leaching experiments were con-

ducted for essentially the same average flowrate and for the same total

withdrawal time.
Present test conditions were consistent with criteria reported by

Saber ian’ for the attainment of a turbulent injection plume and turbulent

natural convection in the.wall boundary layer. However, the physical length

scale of these experiments was significantly less than actual cavern

dimensions. This experimental limitation would be expected to impact com-

parisons with numerical predictions for those portions of the transient

simulation and modelling which are length-scale dependent (e.g., modelling

of the turbulent plume and mixing phenomena which occur during the

injection/withdrawal period). Other models in SANSMIC are assumed to be

length-scale independent (e.g., dissolution-rate and diffusion models).

Hence, data obtained during the post-injection (return-to-equilibrium)

pariod would be expected to provide a more valid basis for comparison.

Present results tended to confirm these arguments.

Figures 6 and 7 show the results from the “direct” leaching experiment
(LCHl >. Here, fresh water was injected near the cavity bottom (X = 1.27 cm)

while brine was withdrawn near the cavity top (X = 19.05 cm). The gamma
beam was positioned at X = 6.22 cm for the transient portion of this
experiment.

14



Fig. 4: Photograph of Gamma-Beam System and Test Vessel
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SUMMARY OF TEST CONDITIONS

.xlNJ ‘WD - - -
Q

EXP. (IN) (IN)
WD tWD PB,WD P -1B,WD

(cm) km) (cc/mid (mid (g/cc) pSB -’

0.50LCHl 7.50
(1.27) (19.05)

16.33 60 1.11 .54

7.50 0.50
LCH2 (19.05) (1.27) 15.78 60 T.16 .79

2.00 4.00LCH3 (5.08) (10.16) 15.47 60 1.10 .50

Table 1: Summary of Test Conditions



Figure 6 shows the transient results. As discussed in the previous

section, R(t) yielded a quantitative measurement of the combined effects of

the total salt-wall recession occurring up to time t and the brine salinity

existing at time t (pathlength averaged across the cavity interior).

Consequently, since these two beam-attenuation mechanisms could not be ex-

plicitly separated, the SANSMIC code was updated to allow a comparison of

measured and predicted results in R versus t coordinates. The defining

equations for the gamma-beam system (recall Fig. 3) were input to this code,

along with measured attenuation coefficients and initial  material

thicknesses. Numerical predictions of sait wall recession and brine

salinity at the gamma-beam location were then mathematically converted into

the predicted R(t) response shown in Fig. 6.

During the injection/withdrawal period, R(t) showed an increasing trend
due to continuous reductions in brine salinity and in the thickness of solid

s a l t . Immediately following the cessation of brine withdrawal, an

exponential-like decay in R(t) was observed. During this return-to-
equilibrium period, beam attenuation was dominated by increases in brine

salinity (occurring over a large pathlength, i.e., the cavity interior),

versus the continued, but asymptotically-decreasing, salt-wall recession
rate. Measured and predicted count-rate levels were seen to be in excellent

agreement at the end of the post-leaching period, indicating that total

salt-wall recession was accurately predicted in this case. As a result of
this observation, minor differences observed during the injection/withdrawal

period were most likely related to “plume effects”. To expand on this
issue, refer back to Fig. 1. Consider a horizontal plane through the tur-
bulent plume region. Modelling in SANSMIC assumes a llfully-mixedll plume,

and thus does not attempt to model radial variations in brine salinity.

While such an assumption is justif iable on a cavern scale, such “fully-

mixed” conditions most likely were not achieved in the laboratory-scale

experiments. In the small-scale cavities used here, the core of the buoyant

plume may have contained water of a somewhat lower salinity than the sur-

rounding liquid. Since beam attenuation is controlled by a pathlength-
averaging process, passage of the beam through a lower-salinity core region

18
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would dictate less attenuation, and thus a slightly higher count rate, than

predicted by SANSMIC. Such effects were also observed during the oil-

withdrawal experiments’ ‘.

Figure 7 shows a comparison of predictions and measurements of final

cavity shapes. The radial scale in this, and subsequent, cavity-shape plots

has been magnified by a factor of five over the vertical scale to better il-

lustrate the shape-change features. Injection and withdrawal locations, and

the initial cavity radius, are shown for reference.

The final shape for this direct-leaching procedure was seen to remain

essentially cylindrical. Some minor degree of flaring (increasing radius

with increasing vertical distance) was evident. The two measurement tech-

niques yielded essentially the same result (the sectioning results being an

average of two r(X) profiles measured 1 80° apart, on a plane selected at

random’ Ir > . Any differences between these two measurement techniques can,

therefore, be partially attributed to asymmetries in final cavity shape.

The numerically-predicted shape is in very good agreement with the data, as
seen in Fig. 7.

Final cavity volume was measured to be 532 cm3 versus a predicted value

of 531 .l cm3. For an initial cavity volume of 411.9 cm3, total salt reces-

sion (i.e., change in cavity volume) was predicted to within 0.8% of the

measured result.

Figures 8 and 9 show the results from the Veverse” leaching experiment

(LCH2). Here, the injection and withdrawal lines from LCHl were “reversed”,

yielding fresh-water injection at X = 19.05 cm and brine withdrawal at X =

1.27 cm. The gamma beam was positioned at X = 15.11 cm for the transient

portion of this experiment.

Fi.gure 8 shows the transient results. In this case, the liquid within

the cavity tended to remain in a “stably-stratified” state, injected fresh

water being continually supplied to the region near the top of the cavity,

while nearly-saturated brine was withdrawn from a position in close

proximity to the cavity bottom. As a result, the R(t) response did not ex-

hibit an instantaneous positive change upon the onset of leaching, as was

21
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witnessed in LCHl . Rather, a finite time period (of the order of several

minutes) was required before the effects of fresh-water injection were wit-

nessed at the gamma-beam location. The measured R(t) response was

reasonably predicted during the first half of the injection/withdrawal

period. However, at 35 to 40 minutes Into this active-leaching period, an

abrupt increase, or ltshiftll, occurred in the measured response, whioh essen-

tially doubled the eount-rate difference between the measured and predicted

ourves (from - 100 counts/set to - 200 counts/set), An exponential-like

decay in R(t) was again found to occur during the post-withdrawal period.

The “shape” of the predicted R(t) curve matched the data during this period,

but the above-noted - 100 count/set difference remained at equilibrium.

This difference translated into a discrepancy between predicted and measured

recession of 0.13 cm, as compared to’a total predicted recession of 0.53 cm,

Post-test sectianing  of this specimen showed that surfaoe “pittingtl had oc-

curred in the upper regions of the cavity during leaching, i.e., a large-

scale roughness pattern had formed on the surfaoe contour. Beam passage

through a localized surface depression cauld easily account for the 0.13 cm

disorepancy  noted above. Overall cavity shape was well predicted, as dis-
cussed below.

Figure 9 shows a comparison of measured and predicted cavity shapes.

Reverse leaching resulted in the classic “morning-glory” (or highly-flared)
shape. Most of the shape change occurred in the upper regions of the
cavity, near the injection location, while essentially no shape change oc-

curred in the vicinity of the withdrawal location. These observations are
consistent with the presence of a stably-stratified liquid during the leach-

ing process. As can be seen in Fig. 9, the two measurement techniques
yielded closely matching profiles in the bottom half of the cavity, but

showed some departure in the upper regions.

Once again, the numerically-predicted shape showed good agreement with

the data. The primary feature of this shape, the large flare at the top of
the cavity, was well predicted, A minor amount of shape change was
predicted to occur below the withdrawal elevation, whereas the data showed
no measureable shape change in this region.
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Final cavity volume for this case was measured to be 560 cm3 versus a

predicted final volume of 562.7 cm3. Total change in cavity volume was thus

predicted to an accuracy of 1.8%.

The final experiment conducted during this study represented a varia-

tion of the direct-leaching procedure. In this case, referred to as

lllocalized-direct’l leaching, injection was below withdrawal, but the two

locations were in proximity to one another (a vertical separation distance

equal to one-quarter of the total cavity depth). Injection occurred at X =

5.08 cm and withdrawal at X = 10.16 cm. The gamma beam was positioned at X

= 7.49 cm for the transient measurements. Results are shown in Figs. 10 and

11.

Figure 10 shows the transient results. Agreement between the numerical

predictions and the measurements is seen to be quite good. Transient plume

effects are again thought to be the cause of those differences which evolved

during the active-leaching period (recall discussions concerning Fig. 6).

Figure 11 shows a comparison of the predicted and measured final cavity

shapes. Both the gamma-beam and the sectioning measurements show shape

change to originate immediately below the injection location, i.e., a “step

change” in cavity radius formed at this elevation. llLocalizedll leaching is

seen to occur above this step, between the injection and withdrawal eleva-

tions, resulting in an essentially constant-radius region. The modest flare

which evolved in the upper extent of the cavity indicates that some fraction

of the injected fresh water bypassed the withdrawal line, buoyantly rose

towards the top of the cavity, and preferentially leached the salt in this

region.

The numerically-predicted shape possesses these same basic features.

Recession is reasonably predicted over most of the cavity surface area, the

only notable discrepancies occurring at the extreme lower and upper

elevations. A predicted step change in cavity radius is seen to form, but
at a location somewhat below the experimentally-defined elevation. The ex-

tent of flare formation at the top of the cavity is underpredicted.
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In this case, the measured final cavity volume was 520 cm3 compared to

a predicted value of 529.5 cm3. Total volumetric change was thus predicted
to within 8.8% of the measured value.

Summarizing the modelling  of these three experiments, both transient

and steady-state results were well predicted. For direct and reverse leach-

ing (the two most-utilized methods), cavity volumetric change was predicted

by SANSMIC to l-2% accuracy. For the more complex, localized-direct leach-

ing , volumetric change was predicted to = 9%. Additional comparisons are
under way between predicted and measured cavern shapes (generated during ac-

tual field operations) in order to further validate the SANSMIC code.
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CONCLUSIONS
Based on experimental results for salt-cavity leaching, and on com-

par i sons  o f  these  resu l t s  w i th  numer i ca l  pred i c t i ons ,  the  f o l l owing

observations were made:

1. The relat ive vert ical  posit ion of  the fresh-water- inject ion and

brine-withdrawal lines can have a significant effect on salt cavity shape

change.

2. Gamma-beam densitometry can be used as a non-intrusive diagnostic

technique to characterize transient phenomena which occur during leaching,

as well as to measure resultant post-test cavity shapes.

3. Numerical predictions generated with the Sandia Solution-Mining

Code”“’ were found to be in good agreement with both transient and steady-

state results measured during this investigation.
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